wavelengths the attenuation of the electromagnetic signal is higher. However, shorter wavelengths are more sensitive to 147 small precipitation particles and more suitable for the observation of drizzle or even fog. S and C-band radars are usually 148 used for medium to long range applications for which reason data are typically available at medium spatial resolutions of 149 500 m to 2000 m and temporal resolutions from 5 to 15 minutes. X-Band radars often implement a faster temporal update 150 cycle down to 1 minute and spatial resolutions at or below 500 m. These characteristics depend on the specifications of the 151 radar system such as the scanning strategy (e.g., antenna rotation speed, pulse repetition frequency, sampling frequency, 152 number of elevations) and the antenna design (e.g., beam width). Other important differences between the three types of 153 weather radars relate to their cost effectiveness and the size of their installation. X-Band radars are the most cost-effective 154 and their small size makes them well suited for mobile installations. In contrast, the size of the antenna of C and S-Band 155 radars reduces the range of possibilities for siting them. 156 Weather radar capabilities are also modulated by their techniques: Doppler and/or Polarimetric, or neither. In particular, 
Limitations

167
Weather radars have some shortcomings as there is an inherent uncertainty associated with their measurements. It is 168 acknowledged that the measurement uncertainty increases with the intensity of precipitation. In Radar@Sea, we prefer 169 working directly on the reflectivity values to avoid approximating precipitation intensity through the Z-R relationship [24] . 170 In addition, various problems may arise during the data acquisition process and applying mitigation techniques is a 171 prerequisite before integrating weather radar observations into automated systems. These problems are addressed in detail • Radar waves can be intercepted, reflected or even completely blocked by non-meteorological targets such as ground, 174 sea, buildings, mountains, etc. This problem is referred to as clutter. In this regard, the choice of an appropriate site 175 for installing a weather radar is crucial as it reduces the risk of clutter; 176 • Short wavelength radars (e.g., X-Band) can be affected by beam attenuation problems in case of intense 177 precipitation, resulting in the quality of the measurements altered at far ranges and, more specifically, large 178 underestimation of precipitation reflectivity;
179
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Local Area Weather Radar
200
The LAWR is installed on the roof of the accommodation platform of the Horns Rev 2 (HR2) wind farm (see Figure 3 ), in Figure 4 (b). For a summary on the operational settings of the LAWR, see Table II .
209
In the course of the Radar@Sea experiment, the observational capabilities of the LAWR have been challenged by several 210 problems. First, it is important to mention that the accommodation platform of the HR2 wind farm, where the LAWR is 211 currently installed, performs many functions other than the LAWR. The result is that, even though the best possible spot 212 on the platform was chosen, there is a large blocking of the beam and observations are not available for southwesterly 213 azimuths (see Figure 4 with strong gusts. Running the LAWR during these storms increased the number of rotations of its antenna from 24 to 33-223 39 rotations per minute, thereby increasing the risk of damaging its structural components. To circumvent that problem, 224 an electronic breaking system was added and has, since then, proved its efficiency, enabling data collection during the 225 subsequent storms. 
Rømø weather radar 227
The Doppler C-Band weather radar used in the Radar@Sea experiment is located in Rømø, Denmark, and operated by 228 DMI, the Danish Meteorological Institute (see [33] for an introduction on the Danish weather radar network). It is located 229 57 km away from the HR1 wind farm and has a coverage range of 240 km. Observations were collected using a 9 elevation 230 scan strategy (0.5 • , 0.7 • , 1 • , 1.5 • , 2.4 • , 4.5 • , 8.5 • , 13 • ,15 • ) every 10 minutes (see Table II ). Raw reflectivity measurements 231 were converted into decibel of reflectivity (dBZ) since it is a more appropriate unit for processing reflectivity images, as 232 demonstrated in [34] . A sample image generated by the Doppler C-Band weather radar can be seen in Figure 4 beam of the lowest elevation exceeds 1 km altitude, data from the lowest elevation are used (hence the "pseudo"-CAPPI).
237
A general pixel-wise interpretation of reflectivity values considers background noise echoes (birds, insects, etc.) to be 238 between 0 and 10 dBZ, light precipitation systems (e.g., stratiform rainfall) between 10 and 30 dBZ and the threshold for 239 convective precipitation systems is often set to between 30 and 40 dBZ. This pixel-wise interpretation is only to be used 240 as a simple heuristic and the characterization of radar reflectivity echoes in terms of precipitation types is a much more 241 complex task that requires the use of advanced algorithms [35] .
242
In its weather monitoring and forecasting activities, weather radar data are used by DMI and its partners for an increasing 243 number of applications. This implies an increased work on data quality control procedures to improve the observation of 244 precipitation and to mitigate the influence of radar clutter. The experimental part of the project is not limited to the data collection. There are also a substantial number of necessary 247 steps for validating these data, transforming them into ready-to-use products and, more generally, automating their 248 integration into a decision support system. A preliminary step consists of performing a quality control of the data. This 249 operation is necessary for evaluating the level of uncertainty associated with the data and defining appropriate strategies to 250 process them. As explained in section 3, the uncertainty comes from two different sources. One is inherent to weather radar 251 techniques (e.g., limitation for observing near surface precipitation) and the other may be caused by non-meteorological 252 factors (e.g., clutter). In practise, the effects of the latter problems are easier to detect since measurement artifacts are 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
ILLUSTRATIVE METEOROLOGICAL EVENTS FROM HORNS REV
In this section, we analyze four meteorological events which show the development and passage of precipitation systems 260 in relation to wind fluctuations at the HR1 wind farm. These events were selected to illustrate the variety of situations 261 that weather radar can help observing. We do not attempt to make any projection related to forecasting issues. Normalized 262 wind power fluctuations at HR1 are also included in order to show their corresponding amplitude during these events.
263
Wind speed, direction and power measurements were collected from the nacelle anemometry and SCADA systems [4] .
264
To be consistent with section 2, we consider that there are only two seasons in Denmark, a summer or warm season from 265 April to September, and a winter season from October to March. The prevailing synoptic conditions for each of these two 266 seasons are given Table I .
267
Note that non-meteorological information has not been perfectly cleaned from the displayed images. Let us acknowledge 268 that removing measurement artifacts with automated algorithms is a highly complex task. In particular, there is always a 269 risk of also removing valuable meteorological information by being too aggressive on the detection criteria. Our approach 270 is to reduce the amount of non-meteorological information down to an acceptable level and adapt the robustness of image 271 analysis methods accordingly. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 East. This setting rarely produces severe phenomena (see Table I ). Finally, what may be the most likely reason is that the 321 precipitation observed by the Rømø radar may be produced high up in the atmosphere where the weather conditions are 322 different than those observed at the nacelle height where the wind speed and direction are recorded. 323
Small precipitation cells passing across HR1
324
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360
As for the strengths, let us mention the high flexibility offered by the two weather radars which have different scanning 361 strategies, spatio-temporal resolutions (see section 4) and thus different capabilities. In our view, the potential of these 2 362 weather radars could be optimized through a hierarchical approach. Owing to its longer range, the Rømø radar could first 363 be used for characterizing and classifying precipitation regimes with respect to the magnitude of wind fluctuations at Horns 364 Rev, by extracting features linked to the spatial variability, the reflectivity distribution or even the motion of precipitation 365
fields. An example of such expert-based classification is given in [38] . Tracking specific phenomena such as storm cells 366 or squall lines is also a possibility but is made cumbersome by the high sampling variability between two consecutive 367 images and, in some cases, the very short lifetime of these cells. In a second stage, the high spatio-temporal resolution of 368 the LAWR is expected to enable a timely tracking of the boundary of weather fronts and small precipitation cells before 369 they hit the wind farm. depending on their accuracy, substitute them since it is more direct to interpret and process wind rather than precipitation 379 data for wind energy applications. In the Radar@Sea experiment, it was decided to first investigate the potential of 2 380 dimensional reflectivity data before, possibly, extending our investigation to 3 dimensional reflectivity data and horizontal 381 wind fields. Figure 9 (a) where that relationship is shown for 469 observations sampled in 3 different azimuths. One can notice that many data points lay apart from the lower trend, for all 470 azimuths. They correspond to pixels that are recurrently affected by ground clutter and are identified in a subsequent step, 471 after correcting for the trend. Correcting for systematic and non random artifacts is very important as many weather radar 472 imagery techniques make use of heuristics which are not robust to such artifacts (e.g., thresholding operations to define 473 "wet" and "dry" pixels). In addition, the level of uncertainty introduced by ground clutter contamination varies from one 474 azimuth to another. To estimate the relationship between the count values and its range, we propose a linear regression 475 model for each of the 360 azimuths as follows:
n ) T is a vector of n counts values extracted from the i th azimuth of the clutter map, X is the 478 range, ε (i) is a random variable which is assumed normally distributed with zero mean and standard deviation σ (i) , and • robust since based on count statistics.
517
The outline of the method is as follows: where w1 and w2 are the respective probability of occurence of G1 and G2, while µ1 and µ2 are their respective 532 mean level.
533
Note that one of the inherent hypothesis of the method described hereabove, is that the histogram to be thresholded is 534 bimodal, implying thus that there is a significant fraction of pixels affected by clutter, at any time. This idea matches with 535 the recurrent clutter we aim at identifying. However, clutter is non stationary over time and some pixels may be clutter over 536 some periods of time and clutter free over some others. In order to account for that feature, the procedure is applied on a 537 rolling window of 24 hours (i.e., 1440 images for the LAWR) and moved forward along the acquisition of new images. All 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Westerly winds
• Westerly winds bring depressions associated with frontal systems and trailing precipitation (occasional snow in the winter) or heavy rain showers, • Successive arrival of depressions may repeat over weeks, being separated by one or two days.
• Cold air carried out by fronts passing over warm sea often results in strong convection and rain showers.
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